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Cation-anion relationships in crop nutrition
II. Factors affecting the ratios of sum of the cations : sum of
the anions in Italian rye-grass
BY R. K. CUNNINGHAM
Rothamsted Experimental Station, Harpenden, Herts.
(Received 14 November 1963)
The first paper of this series (Cunningham, 1964)
showed that the sums of the cations (Na + K-j-
Ca + Mg in m-equiv./lOO g.) in Italian rye-grass
ranged widely and depended on the sums of the
anions (N + P + Cl + S in m-equiv./lOO g.). How-
ever, McCalla & Woodford (1938) had previously
investigated the relationships between sums of
the cations (2 cations) and sums of the anions
(2 anions) in wheat and found that the ratios,
2 cations: 2 anions, were constant. Later Bear
(1950) claimed that, at any pH when the elements
were expressed in m-equiv./lOO g. dry matter, the
ratios of sum of the cations: sum of the anions, i.e.
(Na + K + Ca + Mg)/(N + P + Cl + S + Si) were con-
stant in lucerne. In early work with perennial rye-
grass Dijkshoorn (1957a, b, c, 1958a) confirmed this
relationship and showed that the constant for rye-
grass was 0-5. Tejwani & Venkataraman (1958)
claimed that tobacco also gave constant 2
cations: 2 anions ratios but their values ranged from
0-73 to I112. Further evidence for Bear's findings
was given by Walker (1960) for lettuce. If the
2 cations: £ ajiions ratios in plants are constant
this could explain why the greater uptake of one
ion can either depress the uptake of another ion
with similar charge (antagonism) or stimulate the
uptake of an ion with opposite charge (synergism).
There is other evidence that the 2 cations:2
anions ratios in plants are not constant. Scharrer &
Jung (1955a, 6) found varying ratios for wheat,
rye-grass and sunflower and in later work Dijks-
hoorn (19586, 1959) suggested a relationship
between 2 cations: 2 anions ratios and % N in
rye-grass. Using Dijkshoorn & t'Hart's (1957)
data for rye-grass Said (1959) calculated 2
cations:2 anions ratios which increased with the
age of the grass.
The work reported here showed that the 2
cations:2 anions ratios in Italian rye-grass were
not constant, and investigated the factors which
caused them to vary. Some trace elements (Al,
Fe, Mn and Cu) are normally more abundant than
others in Italian rye-grass and I investigated if these
need to be included with the macro-nutrients.
MATERIALS AND METHODS
Samples grown in the field
The 101 samples and methods of analysis for Na,
K, Ca, Mg, N, P, Cl and S were the same as those
described in Part I and elsewhere (Cunningham,
1963 a). Aluminium, iron, manganese, and copper
in samples grown at Rothamsted and at Woburn
were measured by spectrograph.
Samples grown in the greenhouse
S 22 Italian rye-grass was grown for 8 weeks
during May-July 1962, in pots in the greenhouse.
Each pot contained 1-5 kg. air-dried clay-loam
soil from Great Field IV at Rothamsted mixed
with 500 g. quartz. Eleven levels of a nutrient
mixture were applied in solution in sixteen incre-
ments during the first six weeks of the experiment.
Nutrient solution 1 contained the following salts
dissolved in 7 1. distilled water: 139-05 g. KH2PO4,
70-11 g. KN03, 112-2 g. Ca(NO3)2.4HaO, 10-00 g.
NaNO3, 19-88 g. CaCl2 and 249-14 g. NH4NO3.
Nutrient solution 2 contained 125-51 g. MgSO4. 7H2O
dissolved in 71. distilled water. These solutions
were stored separately to prevent precipitation of
magnesium phosphate and were diluted and mixed
before applying. At the end of the experiment each
pot at the first level of nutrient mixture had
received 93-4 mg. NCyN, 59-8 mg. NH4-N, 43-6 mg.
P, 92-8 mg. K, 36-2 mg. Ca, 16-4 mg. Mg, 3-8 mg.
Na, 17-6 mg. Cl and 22-4 mg. S. There were three
replicates of each treatment. After 8 weeks the
grass was cut, dried at 85° and weighed. The
samples were analysed for Na, K, Ca, Mg, N, P,
Cl and S as described in Part I and elsewhere
(Cunningham, 1963 a).
Presentation of results
Ions were assumed to enter the plant as described
in Part I and element concentrations in the grass
required for calculating ratios were expressed in
m-equiv./lOO g. of oven-dry material. The expres-
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sion, ratio of the sum of the cations to the sum of
the anions or 2 cations (Na + K + Ca+Mg):S
anions (N + P + Cl + S), was abbreviated to R.
RESULTS
The relationships between the ratios of sum of the
cations:sum of the anions and nitrogen and potas-
sium concentrations in Italian rye-grass grown in the
field
The ratios of sum of the cations:sum of the
anions (R values) ranged from 0-33 to 0-93.
Because a good relationship between S cations and
% N was shown in Part I, the relationship between
R and % N was examined. There was good negative
correlation between R and %N (r = —0-79***).
The relationship between R and % K was also
examined because potassium is usually present in
large amounts but no correlation (r = —0-09) was
found. Figs, l a and b show the relationships
between R and % N, R and % K; the relationship
between R and % N was expressed by
R = l-01-0-21iV + 0-0172Ar2,
(±0-04) (±0-0060)
where R = the ratio of 2 cations:2 anions and
N = % N in dry matter.
In Part I the 101 samples were divided into four
groups according to either the form and amount of
N or the amount of Na and Cl they had been given.
Groups 1 and 2 showed no differences in their
relationships between R and % N and were taken
together. Figs. 2a-c show the relationships be-
tween R and % N for the three groupings; these
relationships are expressed by the following
equations:
Trace element concentrations in two
grass samples
Table 1 gives the aluminium, iron, manganese and
copper concentrations in two grass samples. When
it was assumed that trivalent Al and divalent Mn,
Fe and Cu were taken up by the grass as cations
their maximum contribution to S cations values
in the grass was 2-3 m-equiv./lOO g. of dry matter.
Relationships between the ratios of sum of the
cations: sum of the anions and nitrogen concentrations
in Italian rye-grass grown in the greenhouse
When it was found that there was good negative
correlation between R and % N in samples grown
in the field at many centres, this relationship was
tested with Italian rye-grass grown in the green-
house. The yields of grass (g. dry matter per pot)
grown at 11 levels of a nutrient mixture, R values
and % N are in Table 2. The grass yielded more with
each increment of nutrients; its R values and % N
were negatively correlated and their relationship is
shown in Fig. 2d.
Groups 1 and 2
Group 3
Group 4
Comparisons of the relationships between the ratios of
sum of the cations:sum of the anions and nitrogen
concentrations in samples grown in the field and
greenhouse
Comparing in Figs. 1 a-c the curves of the rela-
tionships between R and % N in the three groups
of Italian rye-grass samples from the field shows
that increasing amounts of added NH4-N, for the
same % N in the grass, gave smaller R values. The
curve in Fig. Id of the R-% N relationship in
Italian rye-grass grown in the greenhouse shows
S.E. of R
R = 0-890 -0-0936iV + 0-059/(iV + £) (±0-051)
R = 0-479-0-0441.N + 0-606/(2V + |) (±0-053)
R = 0-444 - 0-0382JV + 0-382/(JV +1) (±0038)
Pig. 1. Eelationships in 101 Italian rye-grass samples between:(a) the 2 cations : 2, anions
ratios (R) and % N; and (6) R and % K.
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Fig. 2. Relationships between the S cations: £ anions ratios (B) and % N in Italian rye-grass grown in
the field: (a) with no N added or with NO8-N but without NH4-N; (6) with little NH4-N (10-50 lb.
N/acre); (c) with much NH4-N (50-200 lb. N/acre); and (d) grown in the greenhouse with different levels
of NH4NO3.
Table 1. Al, Ou, Fe and Mn concentrations
in Italian rye-grass
Concentration (p.p.m. in dry matter)
from
Rothamsted
Woburn
Al
140
65
Cu
8-3
4-1
Fe
135
115
Mn
55
40
Table 2. Yields (g. dry matter per pot), % N and
2) cations: S anions ratios (R) of Italian rye-grass
grown in a clay loam soil in the greenhouse with
increasing levels of a nutrient mixture
Nutrient
mixture
level
0
1
2
3
4
5
6
7
8
9
10
Yield
2-0
6-5
10-4
14-0
17-9
21-4
25-8
29-7
34-5
42-6
47-3
% N
119
1-42
1-58
1-77
1-83
1-92
1-84
2-22
2-49
3-00
2-94
B
1-36
117
103
0-92
0-89
0-86
0-84
0-71
0'67
0-59
0-58
that the pattern of the relationship was similar to
those for grass grown in the field but the grass
grown inside with the same % N and with similar
form of N manuring had greater R values than the
grass from the field.
DISCUSSION
The variability of the ratios of sum of cations: sum
of anions in Italian rye-grass
Although £ cations :S anions ratios (R) in
Italian rye-grass were not constant they did not
vary haphazardly but were negatively correlated
with % N; large R values were associated with
small % N and large % N resulted in small R
values. Therefore the constant ratios McCalla &
Woodford (1938) and Bear (1950) obtained with
other crops may have arisen because their plant
material had uniform % N.
The relationship between R and % N in the grass
samples grown in the pot experiment was similar to
that found in the samples from the field. However,
R values > 1 were obtained at small % N levels
in the grass grown in the greenhouse whereas R was
always < 1 in the samples from the field. Also
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comparing Fig. 2d with Figs. 2a-c showed that,
although the nutrient mixture used in the green-
house contained some NH^-N, the R-% N curve
of the grass grown in the greenhouse did not coincide
with either of the curves for samples grown in the
field with NH4-N. These discrepancies may be
caused by high soil temperatures and different
lighting in the greenhouse or by air-drying the soil
before potting which increases production of
NO3-N when the soil is re-wetted (Gasser, 1961;
Cunningham, 1962)
There is much more N than other elements in
grass on a milli-equivalent basis and, as N is
included in the calculation of JB, the N level in the
grass may be expected to influence the R value.
However, Italian rye-grass also contains much K
compared with other elements except N and yet
Fig. 1 b shows that R and % K in the grass were not
related.
Factors affecting the relationship between the ratios of
sum of the cations: sum of the onions and nitrogen
concentrations in the grass
Figs. 1 a-c show that the form of N supplied to the
grass influenced the R-% N relationships, agreeing
with the findings of Part I which showed how
NH,-N or NO3-N affected the relationships between
2 cations and 2 anions. For the same % N in the
grass, R values were smaller where some of the N
had been applied as NH4-N. This arose from the
assumption made when R values were calculated
that all N entered the plant as anions whereas some
is certainly absorbed as cations.
Increasing Na uptake did not affect the relation-
ship between R and % N when N was supplied as
nitrate and Groups 1 and 2 behaved similarly. Six
samples containing much Na but receiving small
amounts of NH^-N and five samples receiving no N
but containing much Cl, had R values similar to
those of samples which received large dressings of
NH^-N. The reasons for this are not understood but
this effect of much Na and Cl on the R-% N
relationship resembles the effect of these two
elements on the relationship between 2 cations and
2 anions as described in Part I.
Therefore, although soil, fertilizer treatments,
climate, age of plant, season and strain can affect
the concentration of the individual elements in
Italian rye-grass, these factors influenced the R
values of Italian rye-grass less than did the N
supply.
Trace elements and calculation of the ratios of sum of
the cations:sum of the anions
The value, 2-3 m-equiv./lOO g. for Al + Mn + Fe
+ Cu, was only 1-1 % of 2 cations (Na + K + Cu +
Mg) at the greatest 2 cations value (205 m-equiv./
100 g.) and 2-9 % of 2 cations at its smallest value
(80 m-equiv./lOO g.). The other trace elements in
Italian rye-grass, which are normally present in
smaller amounts than the above four, would re-
present an even smaller proportion of 2 cations
or 2 anions. Therefore trace elements can be
excluded from measurements of 2 cations,
2 anions and calculation of R values without serious
error.
The significance of the relationships between the ratios
of sum of the cations: sum of the anions and nitrogen
concentrations in Italian rye-grass
Italian rye-grass has some mechanism that
depends on % N in the plant and regulates the
proportion of 2 cations to 2 anions taken up;
measurements of R give the net result of absorption
by translocation within and losses from the plant.
The mechanism controlling ion uptake may be
associated with N metabolism, a possibility in
agreement with Sutcliffe's (1960) findings that
nutrient entry into plants was decreased when
protein turnover was inhibited. However, form of
N supplied was as important as level of N within
the plant in the relationships between R and % N.
This means that, for plants grown in soil, R values
cannot always be accurately measured because in
most soils native or added NH4-N are nitrified to an
unknown extent and rates of nitrification differ
with soils. Nevertheless, when the N manuring of
grass is known, the relationships between R and
% N in Italian rye-grass grown in the field and in
the greenhouse are clearly demonstrated.
The ratio of 2 cations: 2 anions may be confused
with the measurement of ionic balance within the
plant but there are several reasons why R values do
not measure this balance. First, values of R were
calculated assuming that all N was absorbed by
plants as NGyN although some is certainly taken
up as NH4-N. Secondly, all the elements included
in calculations of R are not present in the plant as
ions; e.g. some of the N, P and S are in organic
form and some of the Ca is immobilized as pectate.
Thirdly, trace elements, H+, OH-, HCO3- and
organic acids ions such as malate and citrate are
omitted from calculations of R values. Finally, if
R did measure internal ionic balance it should have
been unity or close to that value. The ratios of
2 cations:2 anions found here and in other work
(Scharrer & Jung, 1955a, 6) were often much less
than unity and occasionally more than unity.
These deviations from unity are not surprising if
plants take up ions by two methods operating
simultaneously; they may absorb ions either in
pairs, i.e. a cation with an associated anion, or
by exchange, i.e. a cation exchanging with a
hydrogen ion and an anion with a hydroxyl or
bicarbonate ion.
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An explanation of ion interactions in Italian rye-
grass based on the relationships between the ratios of
sum of cations: sum of anions and nitrogen concen-
trations
Although R values do not determine the internal
ionic balance of plants, R was a useful measurement
for understanding more clearly cation-anion
relationships in crop nutrition, because its relation-
ship with % N could be used to explain interactions
in ion uptake. Although ion interactions in plants
might arise either during absorption, translocation
or use, absorption has been given most attention
and current ideas about the mechanism of ion
uptake by plants are based on Osterhout's (1936)
original suggestion that ion uptake was associated
with 'carriers'. Later Epstein & Hagen (1952)
proposed that ions were bound to specific active
sites on ' carriers' and they claimed that antagonism
between ions arose because different ions of approxi-
mately the same size and with similar chemical
properties competed with each other for sites on the
'carriers'. This concept explains antagonistic
effects but it does not satisfactorily account for the
stimulation of one ion by another and so far
'carriers' have not been identified, although the
work of Steward & Millar (1954) suggested that
they may be complex proteins.
Examples of ion interactions, antagonisms and
synergisms, found in experiments done over long
periods with Italian rye-grass (Cunningham,
1963a, 6) were used to show how R-% N relation-
ships could explain these interactions. This explan-
ation of ion interactions is a supplement to and is
not intended as an alternative to current ideas
about the mechanism of ion uptake by plants. In
experiments done over long periods 'real' inter-
actions must be distinguished from 'apparent'
interactions caused by secondary or indirect effects
such as increased growth 'diluting' ions in the
plant and thus suggesting that the uptake of these
ions has been depressed; only 'real' interactions
were considered, (a) Two groups of plants with the
same % N were found to have the same R value
but one had much more Na than the other. To
maintain the R value constant either the uptake of
the other cations, K, Ca or Mg, must decrease or
that of the anions, N, P, Cl or S must increase.
Increasing Na uptake by Italian rye-grass was
found to depress the uptake of K and Ca but had
no effect on the anion uptake (Cunningham,
19636). (6) One of two other groups of plants with
same % N and equal R values had much more Cl
than the other. Therefore, either uptake of other
anions must be depressed or that of cations must be
stimulated if R values remain constant. In fact the
increase of Cl uptake by the grass was accom-
panied by an increase in K uptake and a decrease
in S uptake (Cunningham, 19636). (c) A group of
grass plants given more NCyN than another group
had greater % N but a smaller R value. The
previous example showed that greater uptake of an
anion either increased cation uptake or decreased
other anion uptake. Although results agreed with
this and showed that rye-grass had fewer anions
(P + Cl + S) and more cations (Na + K + Ca+Mg)
when NOS-N was added (Cunningham, 1963 a), the
prediction of ion interactions was more compli-
cated when % N in the grass varied, because R also
varies according to the R-% N relationship
equations.
SUMMARY
The ratios of S cations (Na + K + Ca + Mg in
m-equiv./100g.):2 anions (N + P + Cl + S in m-
equiv./lOO g.), R values, in over 100 samples of
Italian rye-grass grown in the field ranged from
0-33 to 0-92. Italian rye-grass, grown in the green-
house at 11 levels of a nutrient mixture, had R
values ranging from 0-58 to 1-36. The R values of
Italian rye-grass grown in the field and in the
greenhouse were negatively correlated with % N
in the grass and depended on the form of nitrogen
(NH4-N or NCyN) taken up by the grass, but there
was no relationship between R and % K in the
rye-grass. The curve showing the relationship
between R and % N for grass grown in the green-
house did not coincide with that of samples grown
in the field. Trace elements were excluded from
calculations of R values because they contributed
little to S cations or 2 anions. Although the ratio
of S cations: 2 anions did not measure the internal
ionic balance of the plants, R values and their
relationship with % N were useful for explaining
ion interactions, antagonisms and synergisms, in
crop nutrition. A plant mechanism is suggested
that regulates the proportions of 2 cations and
2 anions taken up by the plants from the soil
solution; this mechanism may be linked with
nitrogen metabolism.
I again thank those abeady mentioned in
Parti.
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